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Abstract Control systems used in Minimally Invasive Surgery (MIS) play a crucial role in ensuring 

precision and safety throughout procedures. This paper presents a control architecture developed for 

a robotic system designed for MIS operations. The modular structure of the control system allows 

for compatibility with a range of procedures in abdominal and thoracic regions. The proposed con-

trol system, employing the master-slave concept, is presented alongside the experimental model. 

Functional validation is obtained by performing a Siemens NX simulation and comparing the results 

with several experimental runs using the experimental model of the robot. With its compact size and 

stiffness, the system holds promise for integration with other robotic systems. Future efforts will be 

dedicated to exploring and optimizing this potential collaboration to enhance the overall capabilities 

of robotic-assisted surgery. 

Keywords: Control Architecture, Robotic-Assisted Surgery, Minimally Invasive Surgery, Master-

Slave architecture 

1 Introduction 

Due to its advantages such as: lower risk infection, faster recovery, and better outcomes, 

MIS poses the potential to become the future for an increasing number of surgeries, rea-

son for which many innovative solutions like specialized instruments, platforms and ac-

cess devices, imaging technologies and robotic assistance, have been developed [1]. Par-

ticular attention received the robotic assisted MIS, which enhances the interventions, 

providing advantages like increased precision and dexterity, improved agronomy and 

reduced fatigue for surgeons [2] [3] [4]. Robotic assisted MIS prioritizes patient well-

being by reducing trauma, pain, and recovery time, aligning with patient-centered care 

principles [5][6].  

The integration of robots in surgery began at the end of the 20th century with the da 

Vinci Surgical System. The system has revolutionized minimally invasive surgeries, offer-
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ing 360-degree Endo wrist, enhanced dexterity, and ergonomic design [7]. Other systems 

include Senhance Surgical Robotic System composed of three or four manipulative arms 

and a surgeon console equipped with eye tracking camera [8] and Versius composed of 

open surgeon console with hand controllers to manipulate the arms and modular robotics 

arms [9].  

A critical component of these structures is represented by the control architecture 

which assures the functionality, accuracy and safety for the entire structure. 

For example, the authors of [10] presents a surgical robot that can perform remote vas-

cular surgery using a fuzzy PID control strategy to ensure the accuracy and stability of the 

master-slave operation. In [11] is proposed a master-slave robotically controlled tele-

manipulation. Benchtop tests were conducted to evaluate the accuracy of robotic instru-

ment movements, the quality of force feedback, and the overall performance of the sys-

tem. [12] discussed the design and implementation of a control system for a novel parallel 

robot specifically used in prostate biopsy.  

A parallel structure with 3 DOF, which could form the basis for robots used in mini-

mally invasive surgical operations, in terms of workspace and singularities, is presented in 

[13]. 

This paper presents the control architecture of a spherical robot designed for Minimally 

Invasive Surgery (MIS). The control and command structure are designed to be adaptable 

and modular, with the capability to cater to different MIS procedures, including those 

targeting the abdomen (e.g. for pancreatic and liver procedures), as well as thoracic pro-

cedures (e.g. for the esophagus). The objective is to validate the functionality of the sys-

tem by conducting simulations in Siemens NX and comparing the outcomes with experi-

mental trials using the experimental model of the robot. 

Following the introduction section, the paper is structured as follows: Section 2 out-

lines the proposed robotic structure, Section 3 describes the control architecture, and Sec-

tion 4 presents the functional validation. Section 5 is dedicated to discussion and conclu-

sions. 

2 Materials and methods 

2.1 Kinematic scheme of the proposed system  

The RCM is a fixed point around which a surgical instrument or robotic device pivots 

during minimally invasive procedures, enabling precise and stable movements within the 

body. Achieving the RCM in robotic systems for MIS can be obtained through various 

methods [14]. However, the chosen approach for the proposed system involves utilizing a 

robot architecture that kinematically constrains the entry point into the body.  

This approach not only ensures precise alignment between the robot and the patient before 

instrument insertion but also maintains safe operation throughout the surgery, all without 

impacting the control system (it doesn't need additional actuators to maintain the RCM in 

a fixed point). This method ensures precise alignment before instrument insertion and 

maintains safe behavior throughout the surgery.  

As depicted in Fig. 1, the robotic system features a spherical robot with 3DOF and 

RCM in the center of the sphere (XRCM, YRCM, ZRCM) defined by a circular guide of radius 



3 

R, allowing for the attachment of either active instruments or an endoscopic camera [15]. 

This system is controlled by one revolute joint M1 (q1) and two prismatic joints M2 and 

M3 (q2 and q3). These movements enable precise positioning of the instrument under the 

insertion point (trocar), facilitating accurate and minimally invasive surgical procedures. 

Through the rotational movement executed by q1 and the circular prismatic movement 

executed by q2, the instrument is positioned under the insertion point (trocar), while the 

additional action of q3 enables the insertion of the instrument (end effector – E (X, Y, Z)) 

through the insertion point.  

 
Fig.1 Kinematic scheme of the spherical robot 

The final equations for the kinematical model are [16] 

- Inverse geometric model 

 

 

(1) 

- Forward geometric model 

 

 

 

 

(2) 

 

2.2 Experimental model  

The final design of the spherical robot includes the development of a structure on the ver-

tical axis, with the size of the robot being influenced by the dimensions of the chosen 

instrument. Considering that active instruments usually have a length between 500-600 

mm and the endoscopic camera between 400-500 mm, the spherical rail should have a 

radius of 300 mm. The system is designed to allow interchangeability between instru-

ments and endoscopic camera. As a result of the spherical structure and dimensional con-

straints, a compact and easily integrable robotic structure in the operating room has been 

developed, as depicted in Fig. 2.   
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The robotic structure is composed of an instrument capable of translational movement 

along the linear rail using the actuator M3, facilitating the insertion and extraction of the 

instrument through the center of the circular rail. The circular rail enables movement of 

the carriage through actuator M2. Actuator M1 facilitates rotational motion around the 

horizontal axis. The combination of these last two motions defines a virtual sphere on 

which the instrument operates. 

Furthermore, the spherical robot incorporates a counterweight system, designed to dy-

namically counterbalance the load of the instrument based on the gravity compensation 

concept, the impact of the balancing mechanism's scaling being directly proportional to 

the inclination angle, increasing the stiffness of the mechanical structure.  

 
Fig.2 Experimental model of the spherical robot 

 

2.3 Control System Architecture  

The architecture presented in Fig.3 is separated into two parts: one that controls the 

movements of the instrument such as pitch, yaw, roll, grasping, and pinching and another 

which assures the movement of the robotic system. This system features a modular de-

sign, enabling interchangeability and compatibility with a variety of MIS procedures, thus 

facilitating seamless integration.  

The User Interface Level features a 3D Mouse Space for surgeon control, a PC for al-

gorithm implementation and data analysis, and a Graphical User Interface offering control 

options, system status, and live stream from the endoscopic camera. 

The Command-and-Control Level is composed of the control architecture for both 

the instrument/endoscopic camera attached to the arm and robotic structure. Commands 

are sent from the user interface through a TCP/IP connection to the Raspberry Pi Pico. 

From there, they are directed to the drivers responsible for coordinating movements. For 

the instrument/endoscopic camera attached to the spherical robot, the commands are trans-

lated into actions for the DC motors. Meanwhile, for the robotic structure, data is sent to 

the Programmable Logic Controller (PLC) via Modbus protocol. The PLC then communi-
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cates with the drivers, which in turn activates the stepper motors based on the received 

instructions according to the mathematical model of the robot. 

 This level incorporates essential components for instrument control, including a Rasp-

berry Pi microcontroller, two MD35A drivers for actuators (each driver handling two 

actuators), a PLC, and two B&R drivers (one for NEMA 8 and NEMA 11 actuators, and 

another for NEMA 24). 

  The Physical Level includes four Polulu actuators for instrument movement, a NEMA 

8 actuator facilitating linear carriage translation, a NEMA 11 actuator enabling transla-

tional movement on the circular rail, and a NEMA 24 actuator for rotational arm move-

ment, ensuring the motion of the entire robotic structure. All motors are equipped with 

encoders. Additionally, it includes proximity sensors for homing and access limit detec-

tion, ensuring precise and controlled motion within the system. 

 

 
Fig.3 Control architecture of the spherical robot  

 

The control architecture operates on the master-slave concept, where the master console, 

serving as the primary control center, directs the actions of the slave console. In this con-

figuration, the master console provides instructions and commands. The slave console, 

represented by the robotic structure, follows the commands received from the master con-

sole, executing precise movements and tasks accordingly. 

3  Results  

To functionally validate the experimental model a sequential motion was tested which 

involves the orientation of the endoscopic camera/instrument and then its insertion inside 

the patient.  

Using same input data defined by current position of the endoscopic camera (A 

[243.1147mm, 172.3870mm, 105.8209 mm]) and the desired final position (B[263.6415 

mmm, 57.6293 mm, -21.5508 mm])-Eq.(1)  two simulations using Siemens NX and two 

experimental runs were performed. The execution of a movement between the points A 
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and B in the robot's workspace has been studied, as can be seen in Fig.4 The movement 

was executed in the first case by sequentially actuating the active joints (Fig.4-left), and in 

the second case by the simultaneous movement of active joints q1 and q2 (Fig.4-right), thus 

achieving the reorientation of the camera followed by its insertion. The results obtained 

during the NX simulation were processed and imported into MATLAB. During the exper-

imental runs the position, velocity and acceleration of each active joint (motor) were rec-

orded and the data was also imported in MATLAB. Data provided by the simulation using 

the sequential actuation of each active joint was graphically represented and the data com-

ing from the experimental run was overlapped in Fig 5. Different colors were used to rep-

resent data from the simulation (red for positions, blue for velocity and green for accelera-

tions) while for representing data from experimental runs a black dotted line was used. 

The same method was applied using the data extracted from simulation and experimental 

runs in the second case where the first two motors were actuated simultaneously.  

The results of the overlapping between each two sets of data revealed no considerable 

differences between the experimental runs and the simulations, proofing that the motion 

of the robot is performed according to motion law implemented in the PLC, thus validat-

ing the functionality of the robot and of the control system. 

 

 
Fig.4 Motion trajectories of the active joints (left – sequentially movement; right – simulta-

neously) 

 

 
Fig.5 Sequential motions executed by the active joints 
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Fig.6 Continuously motions executed by the active joints 

4 Conclusions 

The study presents an innovative spherical robot designed for MIS procedures, addressing 

key architectural constraints such as RCM compliance, system stiffness, and compact 

footprint. The control system, employing a master-slave architecture, has been successful-

ly implemented and validated both through simulation in NX software and experimental 

testing. With its reduced dimension and stiffness, the proposed system holds promise for 

integration with other robotic systems, potentially enhancing overall surgical capabilities. 

Experimental validation involved sequential and simultaneous motion tests of an endo-

scopic camera/instrument's orientation and insertion, with two simulations in Siemens NX 

and two experimental runs. Data on position, velocity, and acceleration of active joints 

were recorded and compared between simulations and experiments, showing no signifi-

cant differences and validating the robot's functionality and control system. Is important to 

notice that the RCM point is assured trough architectural constraint, thus the  

Future work will focus on further exploration of this integration and its implications for 

advancing robotic-assisted surgery. 

 

Acknowledgment 
 

This work was supported by the project New smart and adaptive robotics solutions for 
personalized minimally invasive surgery in cancer treatment - ATHENA, funded by Eu-
ropean Union – NextGenerationEU and Romanian Government, under National Recovery 
and Resilience Plan for Romania, contract no. 760072/23.05.2023, code CF 
116/15.11.2022, through the Romanian Ministry of Research, Innovation and Digitaliza-
tion, within Component 9, investment I8 and  by a grant of the Ministry of Research, In-
novation and Digitization, CNCS/CCCDI—UEFISCDI, project number PN-III-P2-2.1-
PED-2021-2790 694PED—Enhance, within PNCDI III. 



8 

References 

1. Siddaiah-Subramanya M, Tiang KW, Nyandowe M. A New Era of Minimally Invasive Sur-

gery: Progress and Development of Major Technical Innovations in General Surgery Over the 

Last Decade. Surg J (N Y), e163-e166, (2017). 

2. Zhang H., Li J., Kong K. and Wang  S., "System Design of a Novel Minimally Invasive Surgi-

cal Robot That Combines the Advantages of MIS Techniques and Robotic Technology," in 

IEEE Access, vol. 8, pp. 41147-41161, (2020). 

3. Vaida, C., Plitea, N., Carbone, G., Birlescu, I., Ulinici, I., Pisla, A., & Pisla, D. Innovative de-

velopment of a spherical parallel robot for upper limb rehabilitation. International Journal of 

Mechanisms and Robotic Systems, 4(4), 256, (2018). 

4. Pisla, D., Andras, I., Vaida, C., et al. New approach to hybrid robotic system aplication in sin-

gle incision laparoscopic surgery. Acta Technica Napocensis, 64(3), 331-338. (2021). 

5. Nolte, E., Merkur, S., & Anell, A. (Eds.). Achieving Person-Centred Health Systems: Evidence, 

Strategies and Challenges. Cambridge University Press, (2020). 

6. Edgman-Levitan S, Schoenbaum SC. Patient-centered care: achieving higher quality by design-

ing care through the patient's eyes. Isr J Health Policy Res., (2021). 

7. Pisla, D.; Calin, V.; Birlescu, I.; Hajjar, N.A.; Gherman, B.; Radu, C.; Plitea, N. Risk Manage-

ment for the Reliability of Robotic Assisted Treatment of Non-resectable Liver Tumors. Appl. 

Sci., (2020). 

8. Douissard, J., Hagen, M.E., Morel, P. The da Vinci Surgical System. In: Domene, C., Kim, K., 

Vilallonga Puy, R., Volpe, P. (eds) Bariatric Robotic Surgery. Springer, Cham (2019). 

9. Samalavicius, N.E., Janusonis, V., Siaulys, R. et al. Robotic surgery using Senhance® robotic 

platform: single center experience with first 100 cases. J Robotic Surg 14, 371–376, (2020). 

10. Yang C, Guo S, Bao X, Xiao N, Shi L, Li Y, Jiang Y. A vascular interventional surgical robot 

based on surgeon's operating skills. Med Biol Eng Comput. Sep;57(9), (2019).  

11. J. Shang et al., "A Single-Port Robotic System for Transanal Microsurgery—Design and Vali-

dation," in IEEE Robotics and Automation Letters, vol. 2, no. 3, pp. 1510-1517, July (2017).  

12. Tucan, P.; Craciun, F.; Vaida, C.; Gherman, B.; Pisla, D.; Radu, C.; Crisan, N. 21st Internation-

al Conference on Control Systems and Computer Science (CSCS) - Development of a Control 

System for an Innovative Parallel Robot Used in Prostate Biopsy. , (), 76–83. (2017). 

13. Nedezki, C.M.  Singularities Study of the 3RTS Manipulator. Acta Technica Napocensis - Se-

ries: Applied Mathematics, Mechanics, and Engineering, 64(3). (2021). 

14. Aghakhani, N.; Geravand, M.; Shahriari, N.; Vendittelli, M.; Oriolo, G. 2013 IEEE Internation-

al Conference on Robotics and Automation - Task control with remote center of motion con-

straint for minimally invasive robotic surgery. (2013) 

15. Vaida C., Pisla, D., Birlescu, I., Gherman, B., Tucan, P., Plitea, N. Family of modular robotic 

systems for SILS with kinematic constraint of the entrance point, OSIM A00734/03.12.2021. 

16. Vaida, C., Birlescu, I., Pusca, A., Gherman, B., Tucan, P., Antal, T. A., & Pisla, D. Geometric 

Modeling of a New Modular Spherical Robotic System for Single Incision Laparoscopic Sur-

gery. In Advances in Service and Industrial Robotics (pp. 367–374), (2022). 


